.1 Twelve Towns Relief Drain -location map.
The communities served by this combined sewer system developed from the late 1920s and continued through the early 1970s. The land use is primarily medium to high-density, single-family residential with commercial and light industrial areas. The District is considered to be fully developed.
The sewer service was typical for that time period, with one combined sewer to transport both the storm and sanitary needs of the growing metropolitan area. A wastewater treatment plant was replaced in the 1940s 'with a connection to the expanding service network of the Detroit Water and Sewage Department. Until 1965, combined sewage continued to overflow unabated during rain events to the Red Run Drain, a tributary ofthe CHnton River in the Lake St. Clair Watershed. A weir structure was constructed at that time to take advantage of in-system storage. A 62 million gallon (234 million liter) retention treatment facility (RTF) was constructed in 1972 to further control combined sewer overflows.
The original combined sewers were deemed inadequate and were relieved by a major improvements project in the late 1950s, and early 1960s. This project was called the Twelve Towns Relief Drain.
The Twelve Towns Relief Drain is divided into three main branches: North, Middle and South. They have a combined total capacity of approximately 210 cubic meters per second (7,500 cfs) and overflow into a 235,000 cubic meters (62 million gallons) retention treatment basin.
The area served by the North Arm Branch of the Twelve Towns Drain continued to experience basement flooding during intense rain storm events. In order to evaluate alternatives for improvements, XP-SWMM was employed to simulate hydrologic and hydraulic conditions of the combined sewer network. The state regulatory agency, the Michigan Department of Environ mental Quality (MDEQ), was also interested in the impact of the improvements on the performance of the RTF. Using XP-SWMM, a model was developed for the existing and future conditions as an aid in designing additional relief sewers. Verifying that the model accurately represented the combined sewer network was an important but difficult task. The outlets from the North Arm Branch are a 14.25-foot by 14-foot (4.34 m by 3.27 m) box and 15-foot (4.6 m) horseshoe. The participants of this project recognized that it would be cost-prohibitive to install even a temporary flow meter. It was decided to adopt a two-step approach to model verification: partial flow metering; and correlating the hydraulic grade line ofthe model with reported high water marks and basement flooding elevations.
Model Calibration using Meter Data
Flow monitoring was conducted in ajunction chamber at NakotaRoad and Olivia Avenue within the City of Royal Oak (see Figure 14 .2 for location). The service area upstream of the junction chamber was approximately 800 acres, or 10% of the NorthAnl1 Branch. In an attempt to verify flow splits at the junction chambers and flows computed by the model, data was collected from the meters for the period between April 10 and June 25, 1996.
The flow meter data indicated that all ofthe dry weather flow and the low intensity storm flows were contained in the 6.0-foot (1.8 m) Nakota Road sewer.
No nmoffwas observed in 5.5-foot (1.7 m) Twelve Towns Relief Sewer in Olivia A venue under these conditions. This is not consistent with the configuration ofthe junction chamber shown on the as-built drawings (see Figure 14. 3).
The drawings implied that most of the flow should have been directed to the Olivia A venue sewer. This significantly affected the model results and cast doubt on the model accuracy. 
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The Oakland County Drain Commissioner's Oftlce inspected the junction chamber at Nakata/Olivia Avenue to confirm the flow meters records. The inspection revealed a twelve-foot (3.6 m) long, 1.6-foot (0.5 m) high weir constructed along the Nakota Road sewer preventing low flows from being diverted to the Olivia relief sewer. The inclusion of this weir enables the model to accurately replicate observed flows.
Flow data for Olivia and Nakota sewer were input into the model to calibrate the weir. The weir was best represented in the model by using an equivalent pipe with a bottom invert of703.8 ft.( 214.6 m) (see Roesner, 1989) The model parameters used for the calibration process included:
• depression storage for impervious and p.;;rvious areas; • ma.,ximum and minimum infiltration rate; 
Afodel Calibration using Aleta Data

Model Verification using known Water Elevations
The second phase of the model verification involves con-elating the hydraulic grade (HG) Hne projected by the model with estimated basement flooding elevations. In addition, the City of Royal Oak collected water surface elevations at critical manholes in the sewer system which were also compared to the computed HGs. The latter measurements are refen-ed to hereafter as high i1t'Qter marks.
The basement flooding elevations and high water marks proved to be an invaluable resource in verifying the model. Although the basement flooding reports were subject to a certain degree ofinterpretation in estabHshingtheir exact elevations, the information nevertheless was determined to be reliable. In addition, these elevations are a direct measurement of the hydraulic conditions of the system and are not dependent on velocity readings by a flow meter which may be difficult to verify. Oftentimes, a community will collect this type of data during a major event and it may be the only means for assessing the severity of the storm and the perfonnance of the system. Shown on Figure 14 .11 are the 6O-minute rainfall intensities that were estimated to occur during the event. The peak one-hour rainfall intensity averaged 2.3 inches (58 mm) over the Royal Oak area and 2.0 inches (51 mm) over the neighboring areas of Berkeley, Beverly Hills, Birmingham and Troy.
The interceptorreaches considered in this analysis are shown on Figure 14 .10.
The following is a brief description of each interceptor location: During the July 2, 1997 stonn event, the peak rainfall intensity averaged 2.25 inches (57.2 mm) over 75 minutes. Royal Oak reported 137 basements flooded. This event is similar to the first event discussed (August 18-19, 1990) . Again, the model agreed with the observed condition.
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Summary and Conclusion
This chapter presents a unique case of model verification for a large and complex watershed. The computed hydraulic grade lines for three different stonn events agreed favorably with the reported basement flooding locations and elevations. Also, the flows generated by the model are similar to the observed. It was concluded that the model was sufficiently verified to reflect conditions that exist in the North Arm Branch ofthe Twelve Towns Drain.
The model was used to recommend a cost-effective solution to the basement flooding in the North Aim Branch. In addition, the model demonstrated to the Michigan Department of Environmental Quality staff that the RTF would not be adversely affected by the proposed improvements.
